The yeast Candida albicans causes life-threatening candidemia. A general-purpose genotype (GPG; corresponds to clade 1) causes more infections than other C. albicans genotypes. To investigate if GPG strains also cause higher mortality, we developed a duplex PCR assay which was 98% accurate in identifying GPG strains in an international collection of strains typed with probe Ca3. We applied the assay to 635 European C. albicans candidemia isolates. Of these, 18% conformed to the GPG genotype, 4% were of a borderline genotype, and 78% were of a non-GPG genotype, broadly consistent with genotype distributions in earlier studies. The prevalence of GPG strains was increased in females and in younger patients, exceeding 40% in infants aged <1 year. Logistic regression confirmed sex and age as significant determinants of GPG prevalence. Across the entire patient cohort, there was no difference in mortality for patients infected with GPG strains or other strains (36% versus 37%). However, mortality in patients aged <48 years was 33% for infection with GPG strains but only 15% for infection with other strains (z test; P < 0.01). Mortality rates associated with GPG and non-GPG strains were comparable in older patients (39% versus 46%). A logistic regression analysis confirmed the age-dependent impact of genotype on mortality. Thus, GPG strains may be more virulent than other strains in younger patients. Because candidemia is usually caused by endogenous strains, our PCR assay could potentially be used as a risk assessment tool for identifying younger patients most at risk of death from candidemia.
The yeast Candida albicans is a major opportunistic pathogen causing life-threatening systemic disease (11, 19, 40) . We previously identified a cluster of genotypically similar strains which comprised 37% of 266 infection-causing isolates in a global collection (28) . The cluster had a prevalence that was 10 to 100 times higher than that of each of the remaining 37 groups (prevalences of 0.3 to 4.5%). Because the cluster was highly prevalent in all patient types, we proposed that its members have a widely adapted general-purpose genotype (GPG) (28) . Multilocus sequence typing confirmed the global high prevalence of this group, designated clade 1 by Odds and coworkers (22) . GPG strains are more frequent as agents of superficial disease than expected on the basis of their frequency as commensal colonizers (22, 28) . They also cause candidemia more frequently than any other type of strains (although the percentage of all clade 1 isolates that cause bloodstream infections is lower than the percentage of blood isolates encountered in other clades) (22) . Some of the features specific to GPG strains could conceivably be virulence determinants, such as increased resilience to chemicals, increased adhesion, GPG-specific alleles of DNA tandem repeat-containing genes, and genes involved in dimorphism (15, 29, (41) (42) (43) .
The high prevalence of GPG strains as pathogens suggests that they could be more virulent than other strains, at least under some circumstances. GPG (clade 1) strains are not more virulent than those of other clades in an intravenous mouse model (15) . However, aside from physiological differences between mice and humans, in the mouse model large numbers of C. albicans cells are introduced directly into the bloodstream and may thus not give a complete assessment of virulence, since in human disease C. albicans must penetrate epithelia and must multiply in the host to reach high cell concentrations in sterile sites (16, 20) . We undertook the current study to investigate if the presence of GPG strains was associated with higher mortality of candidemia patients, which would be an indication that GPG strains may be more virulent in the human host.
MATERIALS AND METHODS
Isolates and patient data. Isolates for the development of a duplex PCR assay for GPG strain identification were from Britain, Fiji, Colombia, Malaysia, New Zealand, and the United States (see Table S1 in the supplemental material) and were part of an international collection that was DNA fingerprinted with the repetitive sequence Ca3 (28) .
Isolates for analysis of the impact of genotype on mortality had been collected as part of a survey conducted in the Paris area in Table S2 in the supplemental material for detailed information on isolates. The yeasts had been identified as C. albicans on the basis of germ tube production in serum at 37°C and chlamydospore production on potato-carrot-ox gall agar at 28°C. Outcome (survival or death) had been assessed 30 days after the initial diagnosis of candidemia. Where APACHE II and SAPS scores had been recorded at admission, these were converted into predicted mortality (10, 12) ; for APACHE II scores, the conversion was based on Fig. 3 in reference 10 .
Duplex PCR assay. A portion of a C. albicans colony from a yeast extractpeptone-dextrose (YPD) plate was picked with a 10-l pipette tip and mixed with a 20-l PCR mixture containing 4 l Q solution, 2 l 10ϫ CoralLoad buffer (Qiagen), 5 nmol of each deoxynucleoside triphosphate (dNTP), 2.25 mM MgCl 2 , 16 pmol each of primers MG1pf (CCTCCCTTCTCTTAAGAG) and MG1pr (AA CAGGAGAGGTTAAGAG), 2 pmol each of primers YW1pf (TCAAGTTCT GCTTCCCCATCG) and YWP1pr (CGTGGACCGTAGTGACACCAATAC), and 1 unit Taq polymerase (Qiagen). Cycling conditions included an initial incubation for 5 min at 96°C followed by 30 cycles of 45 s at 94°C, 1 min at 50°C, and 1 min at 72°C, with the last cycle being followed by an additional 7 min at 72°C. Samples were loaded onto a 2.5% Tris-acetate-EDTA (TAE) gel (3) and run at 30 V for 20 h, stained in TAE buffer with 0.5 mg/ml ethidium bromide for 45 min, and destained in water for 30 min. Strains of known genotype were included as quality controls and molecular weight markers in every set of unknown samples that were typed (see Fig. 1B ) (we initially used 6 strains of known genotype from our DNA fingerprinted collection [28] as controls and then gradually replaced them with 7 isolates typed as part of the current survey, to gain a more realistic assessment of the reproducibility of the colony PCR with survey isolates; the patterns of these strains were highly reproducible). Isolates producing an MG1 product and a single 276-bp YWP1 product were classified as GPG strains, and isolates producing no MG1 products and YWP1 products of sizes unequal to 276 bp were classified as non-GPG strains. Strains producing other banding patterns were retested, and if these patterns were reproducible, the strains were considered borderline strains. Isolates producing no PCR products were also retested, first by PCR and then by species identification through chlamydospore and germ tube formation (all isolates that reproducibly did not produce PCR products were not C. albicans).
Logistic regression for GPG mortality and prevalence. The probability of patient death in the first 30 days was modeled on the logistic scale as a linear function of the covariates. To allow for possible correlations in the experiences of patients at the same hospital in the same year, the random effect term "hospital year" was included. Thus, the model is log ͑ ij ͒/͑1 Ϫ ij ͒ ϭ x ij t ␤ ϩ u i , where ij is the probability of death in the first 30 days for patient j in hospital year i, x ij is a vector of covariates for that patient, ␤ is a vector of fixed covariate effects to be estimated from the data, and u i is the random effect associated with hospital year i.
A similar analysis was carried out to model the probability that the infecting strain of C. albicans was a GPG strain.
The model can be fitted using the statistical software package R (25) . Initially, a full set of covariates was used, including constant, age, sex, surgery, and ICU, plus GPG for mortality analyses. The effect of GPG on mortality was found to be significant only when an interaction with age was included. Because of the importance of age in assessing the effect of GPG, a generalized additive mixed model (13) was used to explore the functional relationship between age and mortality. This showed no significant departure from linearity for GPG or non-GPG strains, so linear functions were used. Interactions between GPG and other covariates were investigated and found to be nonsignificant, as was the effect of sex on mortality.
Survival analysis. Actual death times (in days) were recorded for only 31% of patients; the death times for 62% of patients were right censored at 30 days, as these patients were still alive, and those for 7% of patients were left censored at 30 days, as these patients were known to have died but had no recorded death time. The presence of left censoring makes analysis of the survival times difficult. The Kaplan-Meier estimate of survival probability can accommodate right but not left censoring, and omitting the left-censored patients would result in bias. Estimates of the survival functions for GPG and non-GPG groups were calculated using Turnbull's estimator (37) separately for patients aged 48 or less and those above 48 years of age. Because of the heavy censoring and the difficulty introduced by left censoring, more sophisticated survival models with multiple covariate effects were not pursued.
RESULTS

Development of a PCR method for the identification of GPG strains.
Since the current study involved isolates from several hundred patients, we developed a duplex PCR method for rapid identification of GPG strains by combining two primer sets which had each been shown to amplify products highly specific to GPG strains. The first set (MG1pf and MG1pr) generates a 767-bp GPG-specific fragment caused by a GPGspecific point mutation upstream of YHB4 that is present in all of 40 GPG strains but none of 20 non-GPG strains from an international collection of Ca3-typed isolates, as well as in two borderline strains for which Ca3 typing and other molecular markers gave conflicting results (43) . A second set of primers (YWP1pf and YWP1pr) amplifies a microsatellite-containing region within the YWP1 gene, producing a single 276-bp product in 50/50 GPG strains, 3/6 borderline strains, and 2/43 non-GPG strains from a representative set (8) chosen from an international collection (28) of infection-causing isolates. The remaining non-GPG strains gave products of different sizes instead of or in addition to the 276-bp product (S. Wattimena, M. Patchett, and J. Schmid, unpublished observations).
A duplex colony PCR assay utilizing both markers correctly identified 36/36 GPG isolates in a set of 59 isolates from our international collection (see Table S1 in the supplemental material), based on the presence of (i) a 767-bp MG1 product and (ii) a single, 276-bp YWP1 band. Twenty-one non-GPG strains in the set produced no MG1 product and produced YWP1 products that differed in size from the 276-bp GPG product (some formed two YWP1 products, one of which had a size of 276 bp). Of two strains classified as borderline by other methods, one produced the GPG-specific MG1 product but not the GPG-specific YWP1 product. The other had both the GPGspecific MG1 product and the single 276-bp YWP1 product, i.e., it would have been classified as a GPG strain by our assay (see Fig. 1A for examples of patterns). Thus, of 59 isolates, only 1 isolate (a borderline strain) was misclassified as a GPG strain, indicating that the method is 98% accurate in identifying GPG strains (binominal confidence interval, 91% to 100%).
The assay apparently does not produce PCR products with other species. When the assay was used in the survey described below, no PCR products were obtained for 19 isolates. While these had been submitted to us as C. albicans strains, all of them were shown to be different species when tested for germ tube and chlamydospore formation.
The prevalence of GPG strains is elevated in younger patients and in females. We applied the duplex assay (Fig. 1B) to 635 C. albicans isolates from bloodstream infections of European patients, using samples collected between 1997 and 2008. The majority of the patients (437 patients) were Italian, 98 were French, 43 Swedish, 23 Austrian, 10 Greek, 10 Spanish, 5 German, 5 Finnish, and 4 Portuguese. The average age of the patients was 55 years, 40% were female, 61% had undergone surgery, and 68% had been admitted to an intensive care unit (ICU) (see Table S2 in the supplemental material for information on individual patients).
A total of 114 isolates had the typical GPG pattern, 496 were classified as non-GPG strains, and 25 gave PCR patterns that identified them as borderline strains. Thus, 18% of all C. albicans isolates were of the GPG type, 78% were of the non-GPG type, and 4% were of the borderline genotype, which is broadly consistent with the genotype distribution we observed earlier among isolates from a worldwide collection of predominantly superficial infections (28, 43) and with the frequency of 28% GPG strains among 327 European bloodstream isolates (22) .
The prevalence of GPG strains appeared to be higher in younger patients, in particular those of less than 1 year of age, and in females ( Fig. 2A) with those used in mortality analyses; see below). Logistic regression confirmed that both age (P ϭ 0.011) and sex (P ϭ 0.0005), but no other factors, significantly impacted GPG prevalence ( Fig. 2B ) (borderline strains were excluded from these analyses). For 125 patients, the expected mortality at admission could be calculated based on SAPS, APACHE, or PIM2 scores. Because of the relatively small number of data points, we did not include predicted mortality in the regression analysis, but there was no indication that the severity of the underlying illness had an impact on GPG strain prevalence. The predicted mortality at admission for 21 patients from whom GPG strains were later isolated was 42% Ϯ 27%, and the predicted mortality at admission for 104 patients from whom non-GPG strains were later isolated was 40% Ϯ 29%.
Presence of GPG strains is associated with higher mortality in young patients. Overall mortality (assessed 30 days after the diagnosis of candidemia) was 37%, and for those patients who died within the observation period, the average time between diagnosis of candidemia and death was 10 days (the latter average is based on 195 patients for whom the time interval between diagnosis and death had been recorded [see Table S2 in the supplemental material]).
For analysis of the impact of genotype on mortality, only GPG strains and non-GPG strains were considered (i.e., borderline strains were excluded). Across all patients, there was no apparent impact of genotype on mortality (36% for GPG and 37% for non-GPG strains) or the average time between diagnosis of candidemia and death (10 days for both types). Likewise, the ratio between actual and predicted mortality at admission (based on SAPS, APACHE, or PIM2 scores) was not significantly different for patients infected with GPG strains from that for patients infected with other strains. The actual mortality was 86% of predicted mortality for 21 patients with GPG isolates and 93% of predicted mortality for 104 patients with non-GPG isolates.
However, when mortality was assessed for different age brackets, GPG isolates were associated with increased mortality in younger patients (Fig. 3A and B) (age ranges were set so that at least 5 deaths of patients with GPG strains occurred in each cohort). For patients aged 48 years or less, mortality was Ͼ2-fold higher when GPG strains were present (33% versus Table S1 in the supplemental material) on which development of the assay was based. The GPGspecific MG1 and YWP1 products and their molecular weights are marked on the right, and molecular weights of bands of a 1-kb Plus ladder (MW) are shown on the left. (B) Example of a gel used to type isolates of unknown genotype, in this case a set of Italian isolates (see Table S2 in the supplemental material). Coamplified samples from previously typed GPG strains were included in every 4 to 5 lanes as controls [marked by "(G)" after the strain name]. Genotypes deduced from the assay are shown below each lane. A 100-bp ladder was loaded in the right lane (MW).
FIG. 1. Duplex PCR assay. (A) PCR products for isolates from an international collection of isolates of known genotype (G ϭ GPG, N ϭ non-GPG, and B ϭ borderline) (see
FIG. 2. Prevalence of GPG strains. (A)
Prevalence of GPG strains in female (black bars) and male (gray bars) patients in different age brackets. Age brackets were set to be consistent with those set for mortality analyses (see Fig. 4 ). Numbers in parentheses are the numbers of male and female patients in each age category. (B) Plot of dependence of prevalence on age for males and females, as deduced from logistic regression. Borderline strains were excluded from these analyses, as was one isolate where the age of the patient was unknown.
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15%) (z test; P Ͻ 0.01). Mortality of patients aged 49 and above was 39% when GPG strains were present, versus 46% for non-GPG strains, but this difference was not significant in a z test. We verified the age-dependent impact of genotype on mortality by using logistic regression ( Fig. 3C; Table 1 ). To allow for variations between hospitals and between the years in which samples were collected, we used hospital year as a random effect. The results confirmed the higher mortality associated with GPG strains in younger patients, with the effect gradually reducing and possibly reversing in older patients. Among the other variables, surgery decreased mortality and admission to ICU and age increased mortality; sex had no effect ( Table 1) .
The age-dependent effect of genotype on mortality was also apparent by a steeper decline of survival probability over 30 days for GPG strain-infected patients aged 48 or below than that for patients aged 48 or below infected with other strains (Fig. 4A) . In older patients, the decline of survival probability was not significantly affected by strain genotype (Fig. 4B) .
DISCUSSION
This is the first report, to our knowledge, that a specific C. albicans genotype, namely, the GPG (clade 1) strain type, is associated with increased patient mortality-albeit only in younger patients. It is difficult to establish that the death of a patient is attributable to candidemia (7, 24) , and we cannot exclude the possibility that unknown factors that increased the likelihood of death of young patients also increased the likelihood of the presence of GPG strains, even though we found no indications supporting such a scenario. However, while we cannot be absolutely certain, a causal link between the presence of GPG strains and increased mortality seems the more likely explanation for our data.
Such a causal link is not likely to involve susceptibility to antifungal agents. GPG (clade 1) strains do not differ from Overall mortality of patients of different ages. Numbers in parentheses after the age range are the numbers of GPG isolates and non-GPG isolates in the cohort. Age ranges were set so that at least 5 deaths of patients with GPG strains occurred in each cohort. (C) Plot of dependence of mortality on age, as deduced from logistic regression, for ICU patients, ICU patients who had undergone surgery (SϩICU), non-ICU patients who had undergone surgery (S), and non-ICU patients who had not undergone surgery (unlabeled). Solid lines indicate the mortality of patients with GPG strains, and dashed lines indicate the mortality of patients with non-GPG strains. Patients with borderline strains were excluded from these analyses. a Hospital year was fitted as a random effect to allow for differences in mortality between hospitals or in different years at the same hospital.
b Estimates of model terms that, when added together, give the logit {log͓P/ (1 Ϫ P)͔} of patient mortality.
c ‫,ء‬ P Ͻ 0.05; ‫,ءءء‬ P Ͻ 0.001; †, 0.1. d Logit of probability of death of patients of age 0 infected with non-GPG strains.
FIG. 4. Time dependence of survival probability of patients.
(A) Time dependence of the probability of survival of patients aged 48 years or less with GPG isolates (solid line) and non-GPG isolates (dashed line). (B) Time dependence of the probability of survival of patients older than 48 years with GPG isolates (solid line) and non-GPG isolates (dashed line).
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on September 23, 2017 by guest http://jcm.asm.org/ other strains in their susceptibility to antifungal agents commonly used to treat candidemia; the exception is an elevated frequency of flucytosine resistance (21, 22, 29) , but this agent is not commonly used for monotherapy (26) . The most likely explanation for our results is that GPG strains are more virulent than non-GPG strains in younger patients. This would not be unexpected, since their high prevalence as commensals and pathogens (22, 28) and some of the traits that distinguish them from other strains (15, 29, (41) (42) (43) indicate that they are more apt at coping with the host's defense mechanisms than other strains. On the other hand, GPG strains are not more virulent than strains of other clades in the tail vein mouse model (15) (the age of the mice used was not provided, but presumably they were young, as also suggested by their weights [18] ). This discrepancy could stem from the fact that for the mouse model, virulence comparisons are based on mortality differences observed after the introduction of equal (and large) numbers of C. albicans cells into the bloodstream, while in the human patient the ability to reach sterile sites in sufficiently large numbers to cause disease would be a prerequisite for causing candidemia and death. Our data might reflect differences between GPG strains and other strains in the ability to reach the bloodstream. This would also be consistent with our observation that the prevalence of GPG strains, i.e., their ability to cause candidemia (which should in part depend on their ability to cross into the bloodstream), and mortality follow very similar trends.
We note that the current study involved predominantly Italian patients, and we cannot assess to what degree our findings are applicable to patients regardless of ethnicity or geographical region. However, we did see a similar age-dependent impact of genotype on mortality and a similar age dependence of GPG prevalence in a preliminary study using 90 of the French patients (27) .
An obvious question, to which we have no answer, is which key factors could make GPG strains more virulent. Indeed, there may be no small set of easily definable key factors. Comparative studies have identified numerous differences between GPG (clade 1) strains and strains from other clades (6, 14, 15, 22, 23, 29, (41) (42) (43) (44) . Most likely, hundreds of epistatically interacting DNA polymorphisms, rather than a few key mutations, are responsible for the greater success of GPG strains in the human host in general, and potentially also for their increased virulence (43) . This assumption is also consistent with the large number of genes-over 200-that are C. albicans virulence determinants in animal models (34) . An additional complication is that while our results indicate that the average GPG strain could be more virulent than the average non-GPG strain, non-GPG strains constitute a diverse collection of genotypes, some of which might very well be more virulent than GPG strains (22, 28) .
C. albicans genotype was not the only factor impacting mortality. One other factor, an association of lower mortality with surgery, is a well-established phenomenon used in mortality predictions for critically ill patients (APACHE) (10) . Another, the association of admission to an ICU with increased mortality, would be expected, since ICU admission indicates that the patient's state was already critical prior to the onset of candidemia.
More puzzling is the impact of age, namely, the observation that GPG strains are associated with higher mortality in younger patients, including neonates, but not in the elderly (where they may even cause less mortality). Neither neonates nor the elderly have a fully functional immune system (32, 39) , and if GPG strains were causing higher mortality because they were better at overcoming existing immune defenses, they would be expected to cause higher mortality than other strains in both groups. Previous exposure to the pathogen has been used to explain reduced mortality among older patients in the 1918 influenza epidemic (1) and could also conceivably play a role in protecting older patients against GPG strains, given that acquired immunity does play some role in the host's defense against candidemia (2) and that older patients are likely to have encountered the common GPG strains at some stage during their life. Another factor contributing to age dependence of both mortality and prevalence could be the relatively recent increase in human life expectancy (9) . GPG strains presumably evolved to be adapted optimally toward young individuals, which until the 19th century were the typical human hosts of C. albicans. Among non-GPG strains, which are less successful in these hosts, there may have been stronger selection for traits allowing them to expand into the novel cohort of older hosts. One factor that did not influence mortality but did influence GPG strain prevalence was gender. Being female increased the probability that candidemia was caused by a GPG strain approximately 1.5-fold (Fig. 2B) . We are not aware of other reports on this issue, but some of our own earlier work suggests that this gender effect could be specific to candidemia. We found a lower GPG prevalence in females than in males (33% versus 41%) among 266 isolates from mainly superficial infections (28) . Commensal colonization data we retained from other studies (30, 31, 33) do not show a statistically significant impact on gender (28/69 [41%] isolates from females and 7/21 [33%] isolates from males were of the GPG type). However, the latter data are likely to underrepresent the frequency at which GPG strains are present as commensals on an individual. In 11 of 16 healthy females (69%) from whom C. albicans could be cultured from several body locations, GPG isolates were recovered from at least one location (33) . More work is required to resolve this issue, especially since the frequent presence of GPG strains on females could be part of the explanation for why GPG strains are highly prevalent as infection-causing agents in infants. Infants are often colonized by maternal strains (4) . If GPG strains are present on most mothers and if they are better colonizers than other strains (28) , infants may initially be colonized predominantly by GPG strains (which later cause disease), even if a GPG strain is only one of several strains present in the mother.
Finally, our results have potential impact on antifungal prophylaxis. The prophylactic administration of antifungal drugs can reduce the incidence of fungemia, although its effect on mortality is less well established. However, prophylaxis is thought to accelerate the spread of antifungal resistance, is not always well tolerated, and should thus be targeted toward those patients at most risk (11, 19, 24, 35) . Including the impact of genotype on mortality in evaluations of the efficacy of prophylaxis should assist in clarifying its benefits in terms of reducing mortality. Furthermore, since candidemia is caused predominantly by previously present colonizing strains (17, 38) , our assay, if used for detection of GPG strains among colonizing isolates from young patients, could be a risk assessment tool to identify those patients who would benefit most from antifungal prophylaxis.
